Introduction
Marfan syndrome (MFS) is a well-known multisystem connective tissue disorder with an estimated incidence of B1 in 5 000 individuals. 1 The pleiotropic manifestations involving primarily the skeletal, ocular, and cardiovascular systems are caused by mutations in the gene for fibrillin1 (FBN1). 2 The clinical diagnosis is based on the combination of major and minor clinical criteria, known as the Ghent criteria. 1, 3 As mutations in the FBN1 gene have also been found in patients not fulfilling these criteria, MFS should be regarded as one of the type 1 fibrillinopathies. 4 In the majority of patients with classical MFS, a mutation in the FBN1 gene can be identified with, so far, more than 550 different FBN1 mutations being reported that are spread throughout the gene and mostly unique for each family. 5, 6 The MFS is known as an autosomal-dominant disorder (MIM 154700) and several studies in human and mice have, for a long time, favored a dominant-negative model for the pathogenesis of MFS. 7 However, recently, based on mice studies a role for a haplo-insuffiency model has been raised, 8 including the hypothesis that abnormal fibrillin or reduced levels of fibrillin may lead to an excess of TGF-b activity. 9 Here, we report on two cousins from a consanguineous Turkish family with a homozygous c.1453C4T FBN1 mutation (p.Arg485Cys) and MFS.
Materials and methods

Patients
The parents of both patients, reported in this study, were first cousins and 2 Â 2 siblings. The pedigree is depicted in Figure 1 .
The proband (III.1) was a 22-year-old male born with an intrauterine torsion of the left testis. Neonatally, he had a transient primary hypothyroidism for which treatment during 6 months with thyroxine was initiated. At the age of 1 year, a bilateral upward lens subluxation was noted with normal urine homocysteine values. Painful knee problems arose at the age of 13 and in the same period a mild mitral valve prolapse were noted. A year later, he underwent a ptosis correction bilaterally. At 19 years of age, he had a spontaneous right pneumothorax and a year later a dissection of the distal thoracal aorta and the proximal abdominal aorta was diagnosed using MRA. On physical examination at the age of 22 years, normal height of 186 cm (60th centile), arm span of 188 cm and head circumference of 58.5 cm (60th centile) was noted. He had a slight ptosis, prominent nose, a high-arched palate, pectus excavatum, mild scoliosis, long fingers and toes, and mild contractures of the elbows. Thumb and wrist signs were negative; neither striae nor hyperlaxity (Beighton score of 0/9) were noted. At an age of 20 years, he was operated for an aortic valve insufficiency and, 2 years later, he underwent an aorta ascendens replacement because of aortic aneurysm with aortic insufficiency. At the age of 23 years he was found dead. No obduction was permitted by his family. In conclusion, he had MFS according to the Ghent criteria.
His 13-year-old cousin (III.4) was prematurely born after 32 weeks gestation with a birth weight of 2710 g (97th centile). She had also a transient primary hypothyroidism and treatment for 6 months was initiated. At the age of 3 years, bilateral lens subluxation was noted. Cardiovascular evaluation at the age of nearly 13 years revealed no abnormalities (aortic root diameter, 24 mm) and normal urine homocysteine values were measured. On physical examination at the age of 13 years, normal height of 169 cm (85th centile) arm span of 169 cm, and head circumference of 57 cm (85th centile) were noted. She had a slight ptosis bilaterally, upward slanting palpebral fissures, high-arched palate and long fingers. Thumb and wrist signs were negative; neither striae nor hyperlaxity (Beighton score of 0/9) were noted. However, a lumbosacral dural ectasia was noted by MRI. At the age of 13 years, this girl has two major criteria and no MFS. As she shares the same FBN1 genotype with her cousin, with the classical Marfan the genetic history can be scored positive. In conclusion, she had MFS according to the Ghent criteria.
The girl's mother (II.3) had an increased span-height ratio (span, 178 cm; height, 166 cm; ratio 1.07), higharched palate, and large hands and feet. The male's father (II.1, sib of the girl's mother) had also an increased spanheight ratio (span, 189 cm; height 180 cm; ratio 1.05), high palate, and large hands and feet. For both parents, the wrist and thumbs sign were negative and no other physical Marfan signs were noted. The other parents had normal spanheight ratios: the ratio for girl's father (II.4) 1.02 (span, 186 cm; height 182.5 cm) and for the male's mother (II.2) ratio 1.04 (span, 169 cm; height 162.5 cm).
Cardiovascular and ophthalmologic evaluation revealed no abnormalities in the four parents. The aortic root diameter of the male's mother (II.2, age 43 years, weight 75 kg) was 34 mm (within 95% confidence interval (CI) corrected for body surface area (BSA)), of his father (II.1: age 43 years; weight 82 kg) was 34 mm (within 95% CI corrected for BSA). 10 The aortic root diameter of the girl's mother (II.3: age 37 years; weight 94 kg) was 27 mm (within 95% CI corrected for BSA) and her father (II.4: age 40 years; weight 129 kg) was 40 mm (within 95% CI corrected for BSA).
Further, no signs of lumbosacral dural ectasia by MRI was seen in all four. So none of the four parents fulfilled the Ghent criteria for MFS even in the presence of an independently diagnosed child. A summary of the clinical features is shown in Table 1 .
One grandparent (I.3, the father of the girl's father) had died at the age of 53 due to lung cancer.
DNA analysis DNA was extracted from peripheral blood and analyzed by DHPLC and direct DNA sequencing as described previously. 11 cDNA of the FBN1 gene was prepared from total RNA from cultured fibroblasts from a skin biopsy from the index patient. RNA was isolated using the RNA isolation minikit (Qiagen) according to the manufacturers instructions. Full-length single-stranded cDNA was prepared with oligodT-primer and Superscript TM II RT reverse trancriptase (Invitrogen). The complete coding sequence of the FBN1 gene was analyzed by direct sequencing in 24 overlapping PCR fragments (primer sequences available on request).
Results and discussion
The proband (III. 1) and his cousin (III.4), both with MFS, were homozygous for a mutation in exon 11 of the FBN1 gene: c.1453C4T FBN1 mutation (p.Arg485Cys) ( Figure 2 ). As expected, all four parents were heterozygous for the c.1453C4T FBN1 mutation. Of the siblings of the patients, Figure 1 The pedigree with proband (case 1) and his cousin (case 2).
Black box indicates affected.
Recessive Marfan syndrome BBA de Vries et al only the 18 -year-old sister (III.2) of the proband was tested and she was carrier of the mutation. She had no clinical features of MFS. The mutation in exon 11 leads to the amino-acid substitution p.Arg485Cys. All 65 exons of the FBN1 gene were tested by DHPLC and only exon 11 showed an aberrant pattern and was analyzed by direct sequencing. Some homozygous mutations may be difficult to detect by DHPLC, but direct sequencing of the complete coding sequence of FBN1 on cDNA from the proband showed no additional mutations. Moreover, there was no evidence of aberrant mRNA splicing. The Arg485Cys substitution has not been found previously and the mutation could not be detected in 500 control chromosomes. The substitution is located in a calcium-binding EGF-like domain, close to the sixth and last cysteine residue in this domain. The new cysteine residue is likely to disrupt the structure of the domain, because abnormal S ¼ S bridge formation will occur. This may lead to protein instability and inter-or intra-molecular crosslinks. The only mutation with a similar position within the EGF domain that has been described is 8038C4T, leading to Arg2680Cys. This mutation is in the C-terminal part of the protein and was found in a patient with MFS, with skeletal, ocular and pulmonary, but no cardiac involvement. 12 In conclusion, if the Arg485Cys substitution had been found heterozygously in a patient with MFS or isolated ectopia lentis, we would have had no doubt about the pathogenic effect of the mutation.
Most of the disease-associated FBN1 mutations have been unique to one affected individual or family and are distributed throughout the gene. However, the most frequently observed mutations are missense mutations in the EGF motifs. Mutations introducing an extra cysteine within this motif, such as in our family, are likely to cause domain misfolding, which may lead a defective global structure and function of the protein. 7 Clinically, this type of cysteine substitution mutations in a heterozygous state have been associated with a higher incidence of ectopia lentis compared to nonsense mutations leading to a premature stop codon. 6, 13 In the family we describe here, this mutation in heterozygous state did not cause the MFS. However, in homozygous state it caused a full-blown MFS in the 22-year-old male and also for his 13-year-old cousin the Ghent criteria for MFS were met. Notably, in both cousins with the homozygous cysteine substitution mutation ectopia lentis could be observed at a rather young age of r3 years. This is in line with the high incidence of ectopia lentis among MFS patients with similar, but heterozygous, missense mutations and confirms this previously noted genotype -phenotype relation. 6, 13 The observations that two cousins with a homozygous mutation are affected and all heterozygous parents are not affected, make it unlikely that an additional gene is involved in MFS in this family.
The current family is the first in which the recessive inheritance pattern of the MFS could be confirmed molecularly. Previously, some MFS cases supportive of recessive inheritance have been reported such as two girls from nonconsanguineous and unaffected parents by Fried and Krakowsky.
14 However, as those clinical observations have not been molecularly confirmed other explanations such as gonadal mosaicism might still be a possibility. MFS is inherited in an autosomal-dominant fashion in almost all previously reported families. The syndrome does not fulfill the classical requirement for 'true dominant' mutations that homozygotes do not differ clinically from heterozygotes as can be seen in disorders such as Huntington disease and myotonic dystrophy. 15 Homozygous patients within MFS families have been reported and those were actually more severely affected than their family members with classical MFS, leading to severe fatal manifestations from birth. 16 -18 In the family reported by Schollin et al., 18 Kartunnen et al. 19 were able to show a compound heterozygosity in the lethally affected child: a Trp217Gly mutation from the father and a Gly2627Arg mutation from the mother. Both parents were affected although the mother in a lesser degree. The current family might also shed some light on the pathogenesis of the MFS. For years, the dominant-negative model has been used to explain the occurrence of the clinical features in MFS. In this model, the mutant fibrillin might either hamper polymerization or lead to microfibrillar dysfunction. 7 This concept has also been supported by mouse models. 20 The dominant-negative model was challenged by the findings of Judge et al. 21 that overexpression of mutant fibrillin actually failed to cause any abnormalities of cellular or clinical phenotype in mice leading to the conclusion that haploinsufficiency rather than production of mutant protein causes the phenotype. The recessive inheritance in our family does not support the dominant-negative model, as the heterozygotes cannot be distinguished from wild type, but is more in line with a haploinsufficiency model. Different mechanisms may underlie the pathogenesis. Either in the homozygous cases not enough normal fibrils can be formed, due to protein degradation or intermolecular cross-linking, or the reduced levels of fibrillin might lead to an excess of active TGF-b, which is bound to fibrillin1 in an inactive form in the tissue. Reduced amounts of fibrillin may lead to excess amounts of active TGF-b. Excess of TGF-b activity has been shown to be involved in the pathogenesis of MFS characteristics in mice deficient in fibrillin1. 9, 20 However, for the family we describe here alternative models cannot be excluded such as the formation of abnormal microfibrils due to abnormal fibrillin production. In summary, this family is the first molecularly confirmed recessive MFS. The demonstration of recessive cases of MFS has obvious implications for genetic counselling as well as for molecular diagnosis.
